ABSTRACT The internal potential of Neurospora appears to have two components, one (a) which is reduced by anoxia or abolished by respiratory inhibitors such as azide and 2,4-dinitrophenol, and (b) a fraction that remains in the presence of respiratory inhibitors and is sensitive to the external potassium concentration. Under standard conditions 1 ram azide or dinitrophenol diminishes internal potentials from near --200 mv to about --30 mv within 1 minute and at a maximal rate of 20 mv/second. The internal potential usually recovers within 10 minutes after the inhibitor has been removed. The effect of carbon monoxide on the internal potential is similar to that of azide or dinitrophenol, but can be reversed by visible light, specifically of the wavelengths (430 m# and 590 m/z) known to decompose cytochrome-CO complexes in yeast. Respiration and internal potentials vary proportionally with azide concentration, but dinitrophenol at low (3 X 10 -6 M) concentrations enhances oxygen consumption without affecting the internal potential. In the presence of 0. I m~ calcium, the fraction of the internal potential which persists during respiratory inhibition increases (becomes more negative) about 30 mv for each tenfold decrease of external potassium, over the range 10 to 0.1 mM. The surface resistivity of Neurospora, normally about 5000 ohm.era 2, is unchanged by respiratory inhibitors during the period of rapid potential shift.
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I N T R O D U C T I O N
T h e only proven mechanism for generating bioelectric potentials still remains the passive diffusion of ions down chemical gradients established by cellular metabolism. Yet the recurrent suggestion that metabolism might play a more intimate role has recently received considerable experimental support. K e r n a n (23) found, and others (1, 24, 28) have confirmed that striated muscle shows considerable hyperpolarization during periods of rapid sodium extrusion. A similar observation has been m a d e on snail ganglion cells (22) . T h e electrical polarization of gastric mucosa has resisted attempts at an explanation in terms of ion diffusion (29) ; so has the post-tetanic hyperpolarization of nonmyelinated nerves (5) . T h e notion which has grown out of these experiments 1 mM calcium chloride, and 133 mM sucrose (abbreviated 10 mM KC1/1 mM CaCIJ suc.) and was saturated with oxygen at one atmosphere. A calcium-containing solution was chosen, because "calcium-free" solutions left the cells fragile and likely to burst when impaled for more than about 10 minutes. Four respiratory inhibitors were tested; among these, nitrogen and carbon dioxide replaced oxygen in the recording solution. Sodium azide and 2,4-dinitrophenol were added at various concentrations, usually lmM, and the pH of the solution was brought to 5.9 with a small amount of hydrochloric acid or sodium hydroxide.
Internal potentials recorded in these experiments vere 20 to 40 mv negative to the averages reported previously for similar conditions (34) . This discrepancy may have arisen partly from errors in the corrections allowed for microelectrode tip potentials. But it probably resulted mainly from the use of pure oxygen, rather than air, to saturate the recording solution. Test switches from oxygen to air were always accompanied by a small decline of the recorded potentials.
Electronic Apparatus
In order to pass current through the cells, a separate micropipette electrode was connected to a voltage pulse generator through a 102° ohm resistor. The circuit supplied constant currents up to 10 -8 A, with a rise time of 20 milliseconds. Timing units were arranged to produce two 4 second pulses of equal magnitude and opposite sign with a 4 second interval between. This diphasic current was delivered at 32 or 63 second intervals.
Microelectrodes Micropipettes filled with 3 M KC1 were unsatisfactory for long term recording, because of the sporadic plugging of their tips by cytoplasm (34) . For long term experiments pipettes were filled with 1.5 M potassium citrate by diffusion replacement of methanol. Corrections for microelectrode tip potentials were estimated as for KCl-filled electrodes, but the procedure could be simplified because all the citrate-filled microelectrodes had tip potentials of --27 -4-2 mv (mean ± sE) when dipped into imitation cytoplasm (180 mM KC1/20 mM NaC1/suc.). The correction term was then calculated by subtracting --27 mv from the tip potential of each electrode measured before puncture. The difference was added to the measured transsurface potential difference in order to give an estimate of the true internal potential. Since the correction was rather large (up to 60 my) for the citrate-filled electrodes, it has been indicated in all figures. KCl-filled pipettes were used for passing current through the cells.
Recording Procedures
Punctures of single cells were maintained for periods of 15 minutes to 4 hours, and during the longer periods the composition of the extracellular solution could be altered ten to twenty times.
Respirometry Oxygen consumption by Neurospora was measured by the standard "Warburg" technique (44) with a Will model UV Warburg apparatus. All flasks were filled with air and were maintained at 23°C, with shaking at 140 strokes/ minute. Each flask contained azide or DNP in the side arm; 20 per cent K O H in the center well; and a single plate culture of cells, stripped from the cellophane and suspended in 2 ml of liquid-minimal medium. The cells were permitted to respire normally for 30 minutes before inhibitor was tipped in. Later, the cells were washed from the flasks, rinsed with distilled water, dried to constant weight at 60°C, and weighed. Dry weights of the mats varied between 2 and 7 rag.
R E S U L T S
Oxygen Consumption T h e respiratory rate of growing Neurospora, like that of other microorganisms, is relatively high: 50 to 70 vliters O 2/rag dry w e i g h t / hour at 23°C ( Fig. 1 ; also reference 38). Neurospora is an obligate aerobe, and although it grows " n o r m a l l y " (32) at oxygen tensions as low as 0.01 atm., it ceases growing when oxygen is w i t h d r a w n entirely (10) .
As is shown in Fig. 1 (left ordinates), oxygen consumption in Neurospora is highly sensitive to azide (A) or 2,4-dinitrophenol (DNP; B). At l0 -3 M concentrations of either inhibitor, respiration was reduced to about 10 per cent of the control value. Essentially the same result has already been described by Tissi~res et al. (41) for azide. Concentrations of azide below 10 -5 M had little effect on respiration, and inhibition developed sharply between 10 -5 and 10-4 M. The effect of azide was complete within 2 minutes after its addition to the cell suspension. T h e time interval between the introduction of azide and the cessation of respiration is of interest, since Foulkes (19) has reported that, in yeast, respiration persists for 30 seconds after addition of 10 -8 M azide, while ion transport ceases immediately. The manometric method employed for Neurospora was not sufficiently fast to permit a quantitative comparison with the results from yeast. As would be expected, oxygen consumption was elevated above the control values by concentrations of D N P between 10 -~ and 3 X 10 -5 M, with maximal uptake---about 30 per cent excess-occurring at 3 X 10 -5 M DNP. Respiration declined sharply at concentrations between 3 X 10 .5 and 3 X 10 -~ M.
Effects of Respiratory Inhibitors upon the Internal Potential
In addition to oxygen consumption, Fig. 1A shows the internal potential (right ordinate) of a single Neurospora cell at various concentrations of sodium azide. Like respiration, the potential was nearly abolished by 10 -~ M azide, but was barely affected at concentrations below 10 .5 M. Thus, azide reduced oxygen consumption and the internal potential in the same proportion. Such was not the case, however, with D N P (Fig. 1B, right ordinate) . Concentrations of D N P below 3 X 10 .5 M had only a very slight effect on the internal potential, although respiration rose as much as 30 per cent above the control value. The internal potential did fall off in parallel with oxygen uptake between 3 X I0 -5 and 3 X 10 -~M D N P .
The decline of the transsurface potential difference upon addition of respiratory inhibitor was immediate and rapid. Fig. 2 shows a case of maximal azide poisoning, in which no more than 10 seconds elapsed between the introduction of 1 mM sodium azide (first arrow, up) and the onset of the potential change. The initial rate of change of potential was more than 10 mv/second, for the first cycle shown, and more than 20 mv/second, for the second cycle, in which 10 mM sodium azide was used (third arrow, up). Within a minute the internal potential had shifted by more than 200 my, reaching a stable value at -1 0 to -2 0 my. When azide was removed, the potential recovered gradually, reaching a transient peak in 3 to 5 minutes and a stable value, very near the control value of -2 2 0 mv, in 8 to 10 minutes. This entire process could be repeated at 10 to 15 minute intervals as long as the microelectrode remained in the cell, and records have been obtained of as many as 10 consecutive cycles in the same cell.
It became obvious during these experiments that the onset of recovery was dependent more upon the time required to flush the inhibitor from the recording chamber than upon any property of the inhibitor itself. In order to obtain a maximal rate of recovery, another inhibitor was tested which could be effectively removed instantaneously. Carbon monoxide is known to depress oxygen consumption in Neurospora (40) , as in most organisms, and the effect depends on complex formation between cytochromes b or a 3 and carbon monoxide. These complexes are decomposed by visible light, and it seemed reasonable that illumination of CO-poisoned Neurospora would produce nearly instantaneous release from respiratory inhibition and would allow the internal potential to recover at a maximal rate.
The responses of the internal potential to carbon monoxide and light are shown in Fig. 3 . An O 2-saturated solution was replaced by a CO-saturated solution at the first arrow (up), and within 3 minutes the potential had shifted in the positive direction by 140 mv, reaching a value of about -100 my. A bright white light was then focussed on the cells (second arrow, down), and the internal potential recovered at a rate of 16 mv/second (average rate, 15. seconds after the onset of illumination. With maintained illumination the potential again reached a transient peak, and moved toward a lower, stable value. When the light was switched off (third arrow, up), the internal potential shifted toward zero at a rate of 12 my/second (average rate, 9.4 4-0.8 my/second). Readmission of oxygen (fourth arrow, down) brought about complete recovery. The response of the potential to light was quite variable when CO-saturated solutions were employed, probably because recovery depended upon traces of oxygen in the recording chamber. When solutions containing a fixed amount of oxygen were used, the response to light was much more reproducible and permitted a crude determination of the action spectrum (Fig. 3, inset) . (A xenon arc lamp and grating m o n o c h r o m a t o r were used for the light source, and roughly equal intensities at all wavelengths--as j u d g e d from the m a n ufacturer's specifications on the l a m p --w e r e produced with neutral density filters.) T h e recording solution was saturated with 3 per cent oxygen--97 per cent carbon monoxide, and the cells were maintained dark except when a specific wavelength of light was being tested. T h e maximal rate of recovery to the primary (-~) and secondary (a) bands for the release of yeast respiration from carbon monoxide inhibition (3). Anoxia resembled carbon monoxide in its effects on the internal potential, and D N P resembled azide. T h e actions of all four agents are compared in Fig. 4 . Carbon monoxide and anoxia (N2 substituted for O~) both brought the internal potential from about -2 0 0 to -1 0 0 mv, but anoxia required 2 to 3 minutes longer to act. Presumably, the extra time was required to eliminate oxygen from the recording chamber. It is likely, too, that the residual -100 mv with C O or N s was the reflection of a steady, low level leak of oxygen into the recording chamber, though oxygen tension was not actually monitored. T h o u g h the time course of the shift of potential during D N P inhibition
resembled that during azide inhibition, a more gradual change between -7 5 and -1 0 mv was a constant feature of the DNP effect. The recovery curves (not shown) also revealed a constant difference between DNP and azide; the transient peak of potential that was so clear with the removal of azide ( Fig. 2) became only a round shoulder about halfway along the recovery curve following DNP poisoning. The meaning of these differences is not clear. Among other inhibitors tested, sodium cyanide (1 raM) reduced the transsurface potential difference nearly to zero, although the time course for the change was not recorded. Sodium fluoride had no effect on the internal potential even when present for more than an hour at 10 mM. The cardiac glycoside, ouabain, which is known to inhibit the so called transport ATPases in m a n y animal systems (15) , reduced the transsurface potential difference in Neurospora by only 20 mv at the highest concentration tested, 2 rag. Ouabain has also been found to have no significant effect on growth or potassium uptake in Neurospora (36) . The Effect of Potassium Neither azide nor DNP ever reduced the transsurface potential difference in Neurospora completely to zero. The residuum varied between -1 0 and -5 0 mv, and was difficult to determine precisely because of the possible error in estimation of the microelectrode tip potentials. However, the question arose as to whether the residuum might behave like an ionic diffusion potential, and several experiments were undertaken to test the potassium sensitivity of the residual potential.
One important fact needed to be taken into consideration in the design of these experiments: the apparent surface resistance of Neurospora begins to increase after a minute or two of respiratory inhibition (see Fig. 8 ). Since this change itself could alter the ionic sensitivity of the transsurface potential difference, measurements needed to be made quickly--as soon as the potential had reached its minimal value. Consequently, the cell-sampling technique which had been employed previously to study ionic effects (34) was not feasible. It was necessary to record from single cells of Neurospora during changes of potassium concentration as well as during the addition and removal of inhibitor. The experiment was arranged so that only one correction for the microelectrode tip potential needed to be calculated; the tip potential was measured immediately before puncture and all values of the transsurface potential difference were obtained from a continuous record. In order to maximize the effects of potassium, other salts were reduced in the extracellufar solutions : 0.1 mM CaC1 ~ and 0.1 mM NaN 3 were employed instead of the usual 1 mM. Because 0. i mM NaN3 was not itself sufficient to minimize the membrane potential (see Fig. 1 ), oxygen was replaced by nitrogen.
Results from one cell are shown in Fig. 5 . The lower curve plots the internal potential of the cell before azide was introduced, and the upper curve plots the residual potential in the presence of azide. In both cases the potential shifted positively about 30 mv for each tenfold rise of the extracellular potassium concentration between 0.1 and 10 mM. The slope of 30 my/log unit, instead of 17 or 45 mv/log unit, was probably determined by the calcium level, 0.1 raM, instead of the 1 m u or 0 mM used previously (34) . With potassium at 0. I, 1, and 10 raM, azide induced nearly equal steps in the internal potential: 173 4-4 inv. Analogous results were obtained with carbon monoxide, although the residual potential was larger than with azide.
Osmotic Pressure Occasionally, cells became flaccid during azide poisoning, and this raised the question of whether the apparently large internal potential might be an electrical artifact, resulting from the hydrostatic pressure difference of 10 atmospheres or more normally sustained by the membrane and cell wall. If this pressure were to distort the delicate tips of the micropipette electrodes, it might create sizeable errors in the recorded potentials. Such errors would disappear as the pressure difference and tip distortion diminished. This possibility was eliminated by results from plasmolyzed cells (Fig. 6 ). Cells were punctured while bathed in 10 mM KC1/1 mM CaCI~/133 mM SUc./O2. Then a medium containing 1 M sucrose (1.7-fold isosmotic with cytoplasm), along with the same salts, was introduced.
After a transient decline occurring at the onset of plasmolysis, the internal potential assumed a stable value near -2 3 0 mv. When 1 mM sodium azide was introduced into the plasmolyzing solution, the internal potential behaved in the usual manner. It recovered quickly when azide was removed, although
the transient peak in the recovery curve was obscured. During these experiments the plasma m e m b r a n e often drew away from the microelectrode, leaving the electrode still lodged in the cell wall. W h e n this happened, the potential difference across the wall always fell to zero. during the nerve action potential, where it is measured as a rapid and transient decline of the total m e m b r a n e resistance (4). In Neurospora the total surface resistance, though not the specific ionic resistances, can be estimated from the voltage displacement developed across the surface by an imposed c u r r e n t of known magnitude. But the filamentous structure of Neurospora hyphae, with semiperiodic branches and perforated cross-walls, presents a complicated electrical g e o m e t r y that precludes rigorous calculation of surface resistance. Details of the a p p r o x i m a t i o n m e t h o d employed, along with some standard values of surface resistivity, m a y be found in the Appendix. Most d a t a were analyzed in two ways, treating each h y p h a both as a transmission cable with continuously distributed parameters (the "distributed m o d e l " ) and as a transmission cable with l u m p e d parameters (the " l u m p e d m o d e l " ) .
Effects of Azide upon Surface Resistance
Values of surface resistivity obtained by the two methods were not widely different (see Fig. 8 ; Table I , Appendix). Capacitative effects were neglected. In order to determine whether respiratory inhibitors produce a shift in surface resistivity (Rm), the voltage displacements (V) of several hyphae to pulses of constant current were measured before, during, and after administration of the inhibitors. The record from one such experiment is shown in Fig. 7 . During the minute immediately following administration of azide, the internal potential moved from -2 0 7 to -3 9 mv, but V increased by only 15 per cent, from the control level of 12 to 14 mv to a new value of 14 to 16 mv. Over the succeeding 5 minutes, V increased to 21 to 23 mv. If the longi-FIGURE 7. Effects of azide upon the voltage displacements of a hypha during current pulses (2 X 10 -9 A). V is recorded superimposed upon the resting potential. 1 mM NaN3 was introduced at the first arrow (up) and was removed at the second arrow (down). Correction for the microelectrode tip potential, -45 my.
tudinal resistance of the cytoplasm is constant, Rm is approximately proportional to V 2, according to the distributed model. Then, during the first minute of poisoning, the apparent surface resistivity increased to 1.3 times the control value, and during the next 5 minutes it rose to about 3 times the control value. Only a slight change occurred during the major shift of the internal potential, and that change indicated an increase in the total ionic resistance of the surface, not a decrease. Completely analogous results were observed with carbon monoxide or DNP. Resistance measurements have not been made during simple oxygen deprivation.
The experiment just discussed involves two assumptions: (a) that the internal resistance of the hypha remains constant, and (b) that the electrical configuration of the hypha satisfies the distributed model. A more satisfactory treatment, not involving these assumptions, is possible when simultaneous records of V are made at two independent electrodes. Then R~ can be computed directly, according to either model. Several such experiments were performed, and results from the most complete one are presented in Fig. 8 . The two recording electrodes impaled the first and second cells distant from the current electrode. When azide was introduced, the transsurface potential differences at the recording electrodes fell abruptly, about 180 mv in 1 minute. But again the computed surface resistivity did not shift significantly from Effects of azide upon surface resistivity. Two pipettes were used to record the voltage displacements of hypha 60-9 during current pulses of 2 X 10 -9 A. For simplicity, the displacements were omitted from the tracings of internal potential. Pipette 1, 202 # from the current electrode; pipette 2, 285/z away. R,, was calculated with the distributed (e) and lumped (o) models. 1 n~ NaN8 was introduced, at the arrow. The apparent resistance shift at 18 minutes may have been an artifact. Corrections for electrode tip potentials, -50 and -56 Inv. Note that negative internal potentials (left ordinate) are plotted upward rather than downward.
the control value of 4700 ohm.cm ~ during the rapid potential change. Over the following 5 minutes, it rose 2-to 2.5-fold. The total surface resistance of Neurospora changes slightly if at all during the period of rapid potential change. It is still possible that several ionic resistances might shift simultaneously, but in opposite phase, without producing any measurable variation in the over-all resistance of the cell surface. Except for this unlikely possibility, it appears that even if the transsurface potential difference of Neurospora were a complicated ionic diffusion potential, no resistance shift occurs with sufficient speed to account for the sudden reduction of the potential by respiratory inhibitors.
The close coupling between oxidative metabolism and the transsurface potential difference in Neurospora is reminiscent of the situation found with the endocochlear potential (45), the gastric potential (29) , and postanoxic hyperpolarization of frog skin (27) or myelinated nerves (26) . In all these cases electrical potentials shift more rapidly (0.1 to 10 mv/second) than would be expected from gross changes of ion concentrations. The same is true in Neurospora, at least for ions other-than hydrogen (the effect of azide upon intracellular pH has not been determined). Radiolabeled potassium leaks from Neurospora at less than 20 per cent/hour into a sodium phosphate buffer con- Sodium also escapes from Neurospora much too slowly during azide treatment; radiolabeled sodium leaks into sodium phosphate buffer at 30 per cent/hour, but there is no net reduction of the total intercellular sodium (25) . The effects of respiratory inhibitors could be explained if the inhibitors produced a large shift in the ion-specific permeability of the cell surface. Such changes are seen during azide treatment of striated muscle, where anion permeability (19) and sodium efflux (20) both increase drastically, and the membrane potential falls by 30 per cent in a few seconds. If similar changes do occur in Neurospora, they are not reflected either in the total surface resistance or in the sensitivity of the internal potential to changes of extracellular potassium. As Figs. 5 and 8 have shown, resistance and potassium sensitivity alter little if at all during the first minute of azide treatment. Nor are the putative changes of permeability reflected in the rate at which potassium leaks into sodium phosphate buffer (37) . Of course, a more sensitive indication of any shift in anion permeability would come from measurements of cation or anion efflux into distilled water during respiratory blockade. Ion effluxes into distilled water have not been measured for anoxic Neurospora.
In yeast (31) anoxia reduces by tenfold the rate of K+ loss into inert organic buffer solutions.
At least three other ion diffusion mechanisms must be considered in trying to interpret the effects of respiratory inhibitors upon the internal potential of Neurospora. First, the cell wall might create, immediately outside the plasma membrane, an unstirred layer which could be depleted of potassium or other ions during active metabolism. With metabolism blocked, concentrations in these regions could relax to the levels in the bulk extracellular solution. The fact that the internal potentials of hyphae bathed in KC1/0.1 mM CaC12/sue./ NaN3 are below the Nernst potentials for potassium (see Fig. 5 ) would be in keeping with this interpretation. But while a depletion mechanism might contribute to the transient peak seen in the early phase of recovery, evidence has already been discussed which indicates that the cell wall of Neurospora is an insubstantial barrier to small ions, so that depletion cannot explain the normal resting potential (34) .
Second, since Neurospora is a rapidly growing organism, water must be continuously rushing into the hyphae, down the osmotic gradient of 10 atria. or more. Bulk movement of water might take along ions from the external solution, which raises the question of whether the observed transmembrane potential difference is generated as an ionic streaming potential. The fall of turgor pressure which can accompany respiratory poisoning would signal cessation of water inflow and any streaming potential should collapse. A streaming mechanism has already been postulated to account for the polarization of epithelial membranes (11) during osmotic flow. But it is not applicable to Neurospora. Streaming potentials give the side toward which water flows a charge opposite to the fixed charge of the barrier. Since the surface of Neurospora appears to be cation-selective, it would be expected to bear fixed negative charges (but the wall may have fixed positive charges, ref. 34 ), and streaming potentials should make the intracellular potential positive, not negative. It has been noted, also, that plasmolyzed cells, which should not be gaining water, have a large negative internal potential (see Fig. 6 ), and that this potential is maintained across the cell membrane alone, not across the wall.
Finally, the possibility must be considered that oxidative metabolism produces ionized or partially ionized substances which diffuse out through the cell surface and generate a diffusion potential that collapses as soon as ion production stops. The most suspect ion in this respect is hydrogen, associated with organic anions. Shake cultures of Neurospora secrete hydrogen continuously into distilled water (35) , so that hydrogen effiux is certainly an important process in Neurospora, as it is in yeast (6, 31) and other plant cells (21, 33) . But unless the internal pH is very low indeed, hydrogen ion diffusion cannot account for all of the normal internal potential (34) .
It is clear in yeast that hydrogen effiux is closely associated with potassium uptake (6, 31) , and under certain conditions both ions can be transported against concentration gradients (30) . At least one ionic species must be actively transported, and Conway and his associates (7) have proposed that this active transport is driven by a redox potential across the cell membrane. Their interpretation is supported by the fact that the oxidation-reduction potential of the extracellular fluid, as set with various dyes, has a marked influence on potassium-hydrogen exchange (8) . The existence of cytochromelike enzymes or other electronic conduction pathways in cell surface membranes has not been demonstrated (except for bacteria), but without invoking this mechanism one might still inquire whether hydrogen extrusion in Neuros-
pora is an electrongenic process. (The electrogenic extrusion of sodium might also be suggested, but this does not seem important, since Neurospora normally excludes sodium only weakly (37) .) The answer to this question will require a quantitative comparison between the internal potential and hydrogen ion efflux rates. Experiments along this line are in progress and are being designed to distinguish between (a) a possible ion diffusion potential supported by metabolic hydrogen, and (b) an active transport process which separates charges during hydrogen extrusion. Some general evidence for the existence of electrogenic ion transport mechanisms has been reviewed in the Introduction. For Neurospora, the rapidity with which the internal potential responds to respiratory inhibitors (see Figs. 2 and 3) is the strongest argument yet obtained for an electrogenic transport process, particularly since no corresponding resistance shift is measurable.
The proportionality between the internal potential and oxygen consumption during azide treatment (see Fig. 1A ), together with the action spectrum for release from carbon monoxide inhibition (see Fig. 3 ), might suggest that the internal potential is coupled directly to oxygen uptake; that is, to electron transfer. This interpretation would agree with the redox hypothesis. During DNP treatment, however, the internal potential does not "follow" respiration, so that the potential must be coupled to electron transfer through an intermediate which is blocked by DNP. Adenosine triphosphate (ATP) is the most probable intermediate, since it is already known to supply energy to a number of ion transport systems (14) . The ATP level in Neurospora might well fall as rapidly as the potential declines during respiratory inhibition. The steady-state intracellular level of ATP in Neurospora is about 1.5 mM (calculated from Harold's data, reference 16), and with a normal metabolic rate of 50 gliters O ~/mg dry weight/hour (see Fig. 1 ) the cells should exhaust this store within a few seconds after complete respiratory block. Neurospora apparently has no substantial utilizable stores of high energy phosphate other than ATP; in particular, large reserves of inorganic polyphosphate cannot be tapped as an energy source (16) . The actual time course of ATP disappearance in Neurospora has been measured for only one of the inhibitors used in these experiments, DNP. In that case the time constant was about 30 minutes (16), which is much too slow to be connected with the change of potential. It is also two orders of magnitude slower than would be predicted from the steady-state level of ATP; the discrepancy may be explained either by DNP inhibition of enzymes other than those involved in oxidative phosphorylation or by destruction of DNP by Neurospora (46) . The situation needs to be clarified.
The internal potential of Neurospora recovers from azide or carbon monoxide poisoning along a curve (see Figs. 2 and 3 ) which is markedly similar to cytochrome oxidation-reduction curves in gastric mucosa (9) . Similar behavior of Neurospora cytochromes, if found, would support the notion of close coupling between the potential and respiratory metabolism. But it would throw no light on the question of chemical intermediates, since a number of other intracellular compounds can overshoot following respiratory block (18, 39) .
Only a fraction of the internal potential of Neurospora is affected by respiratory inhibitors. There is a residuum (see Fig. 5 ) which could, because of its magnitude and sensitivity to potassium, arise from ion diffusion, Thus, the internal potential of Neurospora appears to comprise two distinct electromotive forces, an ionic component (Eio~), and a respiration-sensitive component (Ex, which may prove to arise from ion diffusion, but which need not be specified here). A number of curious features of the internal potential (34) can be accounted for if these two electromotive forces are linked in parallel
F1oums 9. A possible equivalent electrical circuit for the internal potential ot Neurospora.
Eio~, ionic electromotive force; E~, metabolically dependent electromotive force; Rion and R®, internal or intrinsic resistances of Eion and E~, respectivdy. through corresponding resistances, Rion and R, (Fig. 9) . Without specifying the behavior of E, and R,, the model requires only that R~on behave like the integral resistance across a potassium-specific membrane in order that the internal potential should vary with log [K] o along a slope that is significantly less than the Nernst slope at low for if calcium simply increased R~o~, an effect which is well known in other biological systems (13, 43) . Potential measurements in this and the preceding
49 • I 9 6 5 paper can be used to calculate the ratio Rio~/R, under a variety of circumstances: raising calcium from 0 to 1 mM appears to increase the ratio by sevenfold, and raising potassium from 10 to 100 mM decreases the ratio threefold. If R , were constant, then the measurable surface resistance (Rm) should diminish about 40 per cent when Rion/R~ decreases threefold. This result has been verified in preliminary experiments (35) . T h e model also predicts that calcium should diminish the m a g n i t u d e of Ex, while increasing the fraction of Ex which can be measured. It is interesting in this connection that the rate of potassium uptake in Neurospora is reduced about 50 per cent by 1 mM calcium (36) . Evidently, m a n y more quantitative details of the equivalent circuit model remain to be worked out and tested experimentally.
Appendix
Cable Properties The Neurospora hypha, like most nerve and muscle fibers, behaves like a leaky transmission cane. Current passed from an intracellular microelectrode (point source) spreads along the axis of the fiber, leaking gradually through the surface. The resultant voltage displacement varies according to the distance between the current electrode and the recording electrode. (Only the steady-state behavior was considered so the membrane capacitance can be neglected. Since most measurements were made in regions free of branches, the branches will also be neglected for the present; their effects will be discussed later.) In the simplest case, when the membrane and cytoplasmic resistances are uniformly distributed along the fiber, the voltage displacement (V) at any point (x) distant from the currentpassing electrode is given by
where Vo is the voltage displacement at the point of current injection, and X, the "characteristic length" of the fiber, is a parameter with the dimension of length (17, 42) . Vo and X are functions of the cytoplasmic resistivity (Ri) and the membrane resistivity (R,,), such that
R~(in ohm. crn 2) -2XVo rrD
where D is the fiber diameter. The situation just described, along with equations 1 to 3, will be called the distributed model of the Neurospora hypha. Of the 8 hyphae from which resistance data were obtained, only one satisfied this model. Data from that hypha (No. 60-4) are plotted in Fig. 10A . Four second square pulses of current (negative and positive) were passed from a micropipette inserted at x = 0. The recording electrode was inserted for 3 to 10 minute intervals at each successive point: x = 70, 103, 160, 187, 267, and finally x = 44 ~. For this and all other hyphae the currents were kept between 4-5 X 10 -9 A, and within this range the voltage displacements at any point were linearly proportional to the current. They were also nearly equal for equal negative and positive currents (no rectification; the extracellular solution was always 10 rn~ KC1/I mM CaC12/suc./O2), and the absolute values of positive and negative displacements were averaged together before plotting. The appearance of an actual record is shown in Fig. 7 . Although V varied systematically along the hypha, the resting potential diminished only a few (0 to 5) millivolts at each successive pene-
tration, indicating minimal damage to the fiber. Almost all values of V lay close to a single straight line, denoting a simple exponential decay process. From the slope a characteristic length (X) of 511 Iz was obtained; the extrapolated voltage displacement (Vo) at the current electrode was 32.8 mv; the fiber diameter (D) was 15 g, and the injected current (Io), 4 X 10 -9 A. Equations 2 and 3 yield R~ = 560 ohm.cm and Rm = 3940 ohm.cm 2.
The voltage displacement at 103 # fell substantially below the line of the other points in Fig. 10 A. This suggested that the pore through the septum at 88 # became temporarily obstructed, thus reducing the fraction of Io which entered the cells beyond. In this case the electrical blockage was evidently temporary, since the voltage displacements measured a few minutes later at 160 ~ and beyond were near the line. More generally, the pores were observed to be relatively stable, high resistance channels.
In at least one hypha the pore resistance (R~) was so large that more than 80 per cent of the longitudinal decay in V took place across the septa, rather than through the cytoplasm. The mathematical relationships for the general cable incorporating this feature are complex; but they reduce to relatively simple equations when the distributed longitudinal resistance of the cytoplasm becomes negligible relative to R~. Then the injected current pulse produces a voltage displacement which is constant within any one cell. If Rp has the same value at all septa, equation 1 takes the form
in which the parameter 3' again has the dimensions of length, but measured in integral numbers and fractions of cells (nodes). V varies stepwise along the fiber, dropping only across the septa. The pore resistance and the membrane resistivity (R,,) are related to Vo, 3", and -7o by the equations L, the cell length, is the distance between successive septa. These equations have been modified from Carson (2) to satisfy the geometry of Neurospora. This ideal case, with equations 4 to 6, will be termed the lumped model of the Neurospora hypha. Only one hypha (No. 60-6) approximately fitted this model, and the data from it are plotted in Fig. 10B . Although the individual cells were not quite isopotential during the current pulses, isopotenfiality was assumed for computational purposes; the average voltage displacement was determined at the center of each cell by linear interpolation on the semilogarithmic plot. difficult to evaluate, was introduced by hyphal branching. Usually branches were about one-half the diameter of the main hypha, and they were located at intervals of 200 to 300 #. They were irregular in configuration, being at least 2 to 3 X (or 7) in length, and having their own subbranches. No branches were present between the current electrode and the recording electrodes. For the general cable, the effects of branches beyond the test region are to reduce Vo and to increase the apparent characteristic length as determined experimentally. Solutions to numerical examples indicate that the presence of branches made the tabulated values of R,~ 30 per cent too small. The second important error lay in the fact that computations did not take into consideration the convolution of the plasma membrane (reference 34, Fig. 1 ). Membrane profiles, measured in five electron micrographs, were approximately 20 per cent longer than the straight line distances along the cytoplasmic boundary. This means that the real membrane areas were 20 per cent larger than the values computed from measured diameters. Hence, the computed resistivities were probably 20 per cent low. (Preliminary measurements on dead hyphae indicate that the plasma membrane accounts for more than 95 per cent of the total surface resistance of living hyphae.) In all, the calculated R,,, 5000 ohm.cm 2, may be 50 per cent too small; 7500 ohm.cm 2 seems a better estimate of the real surface resistivity.
R~(in ohms)
Although the surface resistance of Neurospora is comparable with that of other cells, the cytoplasmic resistance seems abnormally large. In the single case available, it was (560 ohm.cm) more than tenfold the value expected for a water solution of 180 mM KC1. Two significant but opposed sources of error were (a) packing of the cytoplasm with subceUular organelles, and (b) hyphal branching. The latter could have been very large, so that any net correction probably would increase the computed R~ rather than decrease it. Interpretation of this large cytoplasmic resistivity must await further experiments.
